Introduction 19
Vibrio cholerae is a pathogenic bacterium which may cause the severe diarrheal disease 20 cholera [1] . As an adaptation for growth at high NaCl concentrations, V. cholerae expels 21 sodium ions from the cytoplasm during respiration and establishes a sodium motive force 22 across its inner membrane [2] . This respiratory Na + transport is catalyzed by the Na + -23
Materials and methods 13

Preparation of NqrF' 14
The soluble variant of NqrF, NqrF´, comprises an N-terminal polyhistidine tag and lacks 15 the amino acid residues Thr 3 -Ala 25 required for the attachment of NqrF to the membrane 16 [6] . V. cholerae O395N1 [12] or V. cholerae O395N1∆nqr lacking the Na + -NQR [13] 17
were transformed with plasmid pNF3 encoding NqrF´ [6] . Cells (1 l) were grown 18 aerobically at 37 °C in 5 liter Erlenmeyer flasks in the presence of 171 mM NaCl. The 19 medium contained 10 g l -1 tryptone, 5 g l -1 yeast extract, 50 mM potassium phosphate (pH 20 7.3), 10 mM glucose, 50 µg ml -1 streptomycin and 200 µg ml -1 ampicillin. Expression of 21
NqrF' was induced by adding 10 mM L-arabinose after an optical density A 600 nm of 1 was 22 reached, and growth was continued to the beginning of the stationary phase. Cells were 23 harvested, washed with buffer (300 mM NaCl in 10 mM Tris/HCl, pH 7.4), shock-frozen 1 in liquid N 2 and stored at -80˚C. Expression and affinity purification of NqrF' was 2 performed in parallel using V. cholerae O395N1 and V. cholerae O395N1∆nqr as hosts 3 to compare the yields and cofactor content of NqrF´ produced in the presence and 4 absence of the Na + -NQR. Ten g cells (wet weight) were resuspended in 30 ml buffer 5 containing 1 mM phenylmethylsulfonyl fluoride, 0.1 mM diisopropylfluorophosphate, 1 6 mM dithiothreitol, 5 mM MgCl 2 , and traces of DNase I (Roche Diagnostics). The 7 suspension was passed once through a French pressure cell at 83 MPa, and the eluate was 8 collected under a stream of N 2 . Unbroken cells and debris were removed by 9 centrifugation at 35,000 x g for 20 min. All subsequent manipulations were performed 10 under exclusion of O 2 using an anaerobe chamber (90% N 2 , 10 % H 2 in the gas phase, 11 Coy). Soluble proteins were separated from the membrane fraction by ultracentrifugation 12 (150,000 x g, 1 h, 4° C) and loaded on a Ni-NTA superflow column (3-ml bed volume, 13
1.4-cm diameter, Qiagen) equilibrated with 20 mM Tris/HCl pH 8.0, 0.5 M NaCl. After a 14 washing step with 30 mM imidazole, NqrF´ was eluted with 400 mM imidazole, 15 immediately diluted 10-fold with 50 mM Tris/HCl, pH 7.5 and loaded on a Fractogel 16 TSK DEAE 650 column (1-ml bed volume, 1.4-cm diameter, Merck). NqrF´ was eluted 17 with 300 mM NaCl and its concentration was adjusted to approximately 1 mg ml -1 in Tris 18 buffer containing 150 mM NaCl using Ultra-15 centrifugation filters (10 kDa cut off, 19 Amicon). To remove the N-terminal polyhistidine tag of NqrF´, 5 Units thrombin (Serva) 20 per mg protein and 2.5 mM CaCl 2 were added. After 1 h at 25° C, the mix was loaded on 21 the Ni-NTA column to obtain NqrF´ devoid of the affinity tag in the flow-through. The 22 protein was diluted 10-fold in 50 mM Hepes/NaOH, pH 7.0, and loaded on a MonoQ 23 HR10/10 anionic exchange column connected to an Äkta station (Amersham 1 Biosciences). By applying a linear gradient of 20 volumes from 0-1 M NaCl, NqrF' 2 eluted in two fractions at 0.5 M and 0.6 M NaCl, respectively. If not indicated otherwise, 3
NqrF´ was produced using wild-type V. cholerae as expression host. 4 5
Analytical Methods 6
Protein was determined by the bicinchoninic acid method [14] using the reagent from 7
Pierce. Bovine serum albumin served as the standard. The content of non-covalently 8 bound FAD in NqrF´ was determined according to Macheroux [15] . Acid-labile sulfur 9 was determined by the method of Beinert [16] . Iron was determined by atomic absorption 10 spectroscopy (AA240FS spectrometer, Varian) using Fe standards from 0.1 -10 mg l -1 11 (Fluka). SDS-PAGE was performed with 10% polyacrylamide according to Lämmli 12 [17]. To prevent dimerization by disulfide bond formation, NqrF´ was boiled for 5 min in 13 sample buffer containing 50 mM dithiothreitol. Tryptic in-gel digestion of proteins 14 separated by SDS-PAGE was performed according to [18] . The digests were analyzed on 15 a QTOF Ultima API mass spectrometer (Waters), and peptides were identified using the 16 ProteinLynx Global Server software (Waters). 17 18
Enzymatic tests and thermal inactivation 19
Oxidation of 0.1 mM NADH (ε 340 =6.22 mM -1 cm -1 ) by NqrF´ with 0.1 mM ubiquinone-20 1 as electron acceptor was followed on an 8452A diode array spectrophotometer (Hewlett 21 Packard) in the presence of 50 mg ml -1 bovine serum albumin and 50 mM Na 2 SO 4 at pH 22 7.0 as described previously [6] . The pH dependence of activity was followed in 20 mM 23 1 was followed with NqrF´ (0.9 mg ml -1 in 50 mM Hepes/NaOH, pH 7.0, 500 mM NaCl) 2 incubated at 37°C or 57°C. Aliquots were removed at intervals and immediately analyzed 3 for NADH dehydrogenase activity as described above. To monitor the dissociation of 4 FAD during heat denaturation, NqrF´ (0.4 mg ml -1 ) was diluted tenfold in pre-warmed 50 5 mM Hepes/NaOH, pH 7.0, 500 mM NaCl in a temperature-controlled cuvette (55 °C) at t 6 = 0 s. At indicated times, the intensity of fluorescence emission at 526 nm of the FAD (λ 7 excitation, 450 nm) was determined with a FluoroMax-4 spectrofluorometer (Horiba 8 Jobin Yvon Inc.). To confirm that the observed increase in fluorescence intensity resulted 9 from the dissociation of FAD, but not from decreased fluorescence quenching of FAD 10 bound to partially unfolded protein, NqrF´ with or without the FeS cluster was incubated 11 at 55˚C for 4 min and concentrated with Amicon Ultrafree-MC centrifugal filters 12 (molecular weight cutoff, 5 kDa). The filtrates contained 83 % (NqrF´ with FeS) or 85% 13 (NqrF´ without FeS) of the FAD bound to the protein prior to thermal inactivation. 14 15
Quantification of Na + -NQR in V. cholerae O395N1 16
Ag + is a specific inhibitor of the Na + -NQR which promotes the dissociation of the non-17 covalently bound FAD from the NqrF subunit and thereby prevents the initial oxidation 18 of NADH [19] . In the presence of 1 µM Ag + , rates of NADH oxidation by membranes 19 from V. cholerae O395N1 grown under the specified condition decreased to 8 % of the 20 activity observed in the absence of the inhibitor. In contrast, no inhibition of NADH 21 oxidation by Ag + was observed with membranes from the nqr deletion strain. 
Results 9
Increased production of NqrF´ in the presence of the NQR complex 10
We asked whether the presence of the Na + -NQR had an effect on the overproduction of 11 its FeS-carrying NqrF subunit and compared the yield of NqrF´ after affinity and TSK 12 DEAE chromatography using the V. cholerae wild-type and the nqr deletion strain as 13 hosts for protein production. The growth behavior of both strains before and after 14 induction was very similar, and the final cell yields were essentially identical ( Fig.1) . 15 Under the specified growth conditions, energy conversion in V. cholerae was not 16 dependent on the Na + -NQR. Expression of nqrF´ in the presence of the NQR complex 17 raised the yield of NqrF´ per liter culture volume to 4.6 ± 0.4 mg l -1 , compared to 3.6 ± 18 0.2 mg l -1 in the absence of the Na + -NQR, determined in triplicates and based on protein 19 determination by the bicinchoninic acid method. The FAD content of NqrF´ was not 20 influenced by the genetic background of the expression host. Plasmid pNF3 used for 21
NqrF´ production is a multicopy expression vector which is under control of the vector-22 encoded AraC regulator protein. It has been shown that protein production in these 23 expression vectors is not limited by mRNA synthesis [20] . Therefore, transcription and 1 translation of the plasmid-encoded NqrF´ is not determined by the genetic background 2 and will result in the same amount of apo-NqrF´ in the V. cholerae mutant and wild-type 3 strains. We conclude that the higher yield of NqrF´ observed in the presence of the Na + -4 NQR is caused by increased stability and/or decreased degradation of holo-NqrF´. To 5 address this hypothesis, we purified NqrF´ and studied its cofactor composition, activity 6 and stability. 7 8
Separation of NqrF´ with varying FeS content 9
A previously reported purification protocol for NqrF´ yielded a partially purified 10 preparation after Ni-NTA affinity chromatography [6] . We performed an additional 11
MonoQ anionic exchange chromatographic step after proteolytic cleavage of the 12 polyhistidine tag (Table 1) . NqrF´ eluted in two fractions, A and B ( (Table 1) . We 20 previously showed that the specific NADH oxidation activity, and the affinity towards 21 NADH, is essentially identical in NqrF´ and its isolated FAD domain. The FAD domain 22 is obtained by truncation of the N-terminal, FeS-binding part of NqrF´ [6] . This 23 demonstrates that in NqrF´, the [2Fe-2S] cluster is not required for electron transfer from 1 NADH to the substrate Q1 used as artificial electron acceptor in the enzymatic assays. 2
Besides the difference in specific NADH dehydrogenase activity, the two NqrF´ species 3 differed with respect to the pH optimum of activity (Fig. 4) . NqrF´ containing the [2Fe-4 2S] cluster showed a prominent maximum of activity at pH 7.0, while the NADH 5 oxidation activity of NqrF´ devoid of FeS was not dependent on pH in the range from 5.5 6 to 8.0 (Fig. 4) . The results suggested that the lack of the FeS center in NqrF´ was 7 accompanied with structural rearrangement(s) of amino acid residue(s) close to the active 8 site caused by partial unfolding of the protein. To address this question, we compared the 9 thermal stability of the two NqrF´ species. 10 11
Thermal inactivation 12
The enzymatic activity of NqrF´ is a measure for the structural integrity of the protein. 13 We followed the time course of inactivation of NqrF´ with or without FeS center at 37°C 14 or 57°C to monitor denaturation (Fig. 5 ). There was a slight decrease of activity after 5 15 min at 37° C which was more pronounced in NqrF´ devoid of FeS. The increased thermal 16 inactivation of NqrF´ lacking the FeS center was more evident at 57°C, where activity 17 dropped to 25% after 1 min and was completely lost after 2 min. In contrast, NqrF´ 18 containing the [2Fe-2S] cluster retained 85% or 22% of its initial activity after 1 min or 2 19 min, respectively (Fig. 5) . The results suggested that NqrF´ lacking the FeS center was 20 partially unfolded which promoted the denaturation of the protein by heat. The rapid 21 thermal inactivation of NqrF´ devoid of FeS could also be due to a diminished binding 22 affinity of the FAD cofactor. To test this hypothesis, we followed the increase in 23 fluorescence emission intensity of FAD during heat denaturation which reflects the rise 1 of free FAD concomitant with the unfolding of NqrF´. The time course of FAD release 2 from NqrF´ with or without the FeS center did not differ significantly (Fig. 6) . Assuming 3 complete release of FAD after 4 min (Fig. 6) , we estimate that during the first minute of 4 thermal inactivation, the FAD cofactor was retained in at least 70% of the NqrF´ 5 molecules. We conclude that local structural rearrangements of the substrate binding 6 site(s), rather than a lower affinity towards FAD, are the cause for the faster denaturation unexpected, neither holo-nor apo-NqrF´ was produced in E. coli [6] , although the 1 organism is routinely used as host for the heterologous production of bacterial FeS 2 proteins containing non-covalently bound flavins [22, 23] . Our observation that the Na + -3 NQR enhances insertion of FeS into overproduced NqrF´ further supports the notion of a 4 specific system for the assembly of the Na + -NQR in V. cholerae. It is noteworthy that the 5 lack of the Na + -NQR which resulted in diminished production of NqrF´ had no effect on 6 the content of succinate dehydrogenase, a respiratory complex containing covalently 7 attached FAD and three FeS clusters [24] . Overproduction of NqrF´ will therefore critically depend on the amount of mature NqrF´ 22 which is less prone to proteolytic degradation in V. cholerae. A similar stabilizing effect 23 of an iron-sulfur cluster which led to increased protein yields was reported for subunit 1
NuoG from the NADH:quinone oxidoreductase (complex I) from Escherichia coli [28] . 2
Note that the loss of FeS does not necessarily result in diminished stability of the apo-3 protein, as exemplified by the cytoplasmic aconitase which, upon iron depletion, is 4 converted to an iron-responsive element (IRE) binding protein [29] . 5
The Na
+ -NQR appears to be involved in the maturation of Fe/S clusters, hereby 6 enhancing the stability of NqrF´ and increasing its yield during overproduction in V. (open square) in 50 mM Hepes/NaOH, pH 7.0, 500 mM NaCl was incubated at 55° C. 10
The fluorescence emission intensity I was determined at indicated times and divided by 11 the intensity I 0 observed at the start of the reaction. Excitation wavelength, 450 nm; 12 emission wavelength, 526 nm. 13 
